The purpose of this article is to analyze the impact of network coding in wireless networks. We consider a network coded ALOHA that performs bi-directional network coding over the ALOHA MAC protocol in a star topology network. The transmission probabilities of each outer node and the center node, and the target signal-to-interference-plusnoise ratio (SINR) are jointly optimized to achieve the maximum throughput of coded ALOHA. We analyze and compare the optimal performance of slotted and coded ALOHA. Under the unsaturated traffic condition at the center node, we derive practical throughput and delay, considering the network coding opportunity and the maximum queue length of the center node. Under the saturated traffic condition, we obtain a throughput upper bound of coded ALOHA to judge the ideal gain of network coding. The impact of asymmetric topology is evaluated with simulations.
Introduction
The demand for high-quality mobile services has stimulated the development of new wireless network technologies. In contrast to wired networks, in which the quality of service (QoS) can be improved by increasing infrastructure density (server, communication line, router, and switch, etc.), a wireless (access) network is not easy to improve by means of infrastructure deployment. One reason is that the radio frequency is restricted and is a finite resource, and the same frequency channel cannot be used at the same time and in the same space. Due to this scarcity of radio resources, many researchers have tried to improve the performance of wireless links.
Medium access control (MAC) has been studied in order to allocate radio resources by resolving the conflicts from multiple users' access to the common medium and improve the channel access efficiency in wireless networks. ALOHA [1] , a classic MAC, was created in 1970, and has been widely used and highlighted for its simplicity. Many variations to ALOHA have also been proposed. Currently, this protocol is used in RFID [2] . The *Correspondence: slkim@ramo.yonsei.ac.kr 1 Department of Electrical and Electronic Engineering, Yonsei University, 50
Yonsei-Ro, Seodaemun-Gu, Seoul 120-749, Korea Full list of author information is available at the end of the article most importantly, ALOHA formed the basis for the random access MAC in wireless sensor networks and wireless LAN. However, despite its simplicity of operation, the original ALOHA has low throughput, while the slotted ALOHA, an improvement over the original, has more or less double the capacity.
The relatively low performance of ALOHA originates from its random access nature. The node having a packet accesses the medium through a Bernoulli trial with a given probability. High access probability makes for high collisions, while a low probability results in under-utilization of the radio medium. The resulting optimal access probability still shows low throughput, even in a slotted ALOHA. The variations of ALOHA mostly focus on improving time-synchronization [3, 4] , channel reservation [5] [6] [7] , and cross-layer optimization [8] [9] [10] . Physical layer technologies such as MIMO [11, 12] and cognitive radio [13, 14] are combined with ALOHA, and their performances are analyzed. Most of these efforts, with the exception of the adoption of new physical layer characteristics, aim to reduce idle or collision time in the overall time scale.
In the previous studies, the complex operation is required to increase the throughput of ALOHA. However, it may reduce the merit of ALOHA that is simple and easy to implement. In this article, we analyze a network coded ALOHA, which is a different type of remedy http://jwcn.eurasipjournals.com/content/2012/1/277 for the low throughput of ALOHA. Network coding [15] is a promising technique in improving network throughput in multi-hop networks. Intermediate nodes in the network combine code packets, and intermediate or destination receivers decode these coded packets using known packets. From the medium usage point of view, network coding gives better performance by using the medium less when compared to the traditional communication method, in which each packet uses the medium exclusively [16, 17] .
To verify the effect of network coding, we investigate and analyze embedding the network coding into the ALOHA protocol a in the star topology, where the center node communicates with source/destination nodes one hop away. The network throughput can be improved when the network coding opportunity in the center node increases. Outer nodes put more packets into the center node in order to increase the network coding opportunity. Therefore, the optimal access probability for each node should be calculated in the network coded situation. Besides, the impact of network coding on the delay performance should be considered. With the simulation, we also evaluate the impact of asymmetric distance in the star topology, and find the tendency of the optimal transmission probability.
There has been research into combination of ALOHA and network coding. A similar model was considered in previous studies [18, 19] . In [19] , routing, MAC, and network coding are jointly optimized, but both [18, 19] did not consider the queuing effects for network coding at the intermediate node. Other than this, the most relevant article [20] analyzed the throughput and delay of network coded ALOHA. However, they considered a protocol (collision) channel model and restricted the topology to two-way relay networks. The protocol channel model is not sufficient to represent the wireless channel (e.g., transmission errors due to the channel gain and capture effect). These assumptions are relaxed in our article. Network coding gain has been analyzed [17] within the CSMA/CA MAC layer, and we determined the set of the target signal-to-interference ratio (SIR) value and the carrier-sensing range that jointly maximize the throughput. Our results in this article are summarized as follows: (1) The maximum throughput of coded ALOHA is greater than that of the conventional ALOHA (coding gain is about 1.3). (2) Under the same parameters (transmission probability and target SINR), coded ALOHA shows less delay. (3) With the optimal parameters that maximize the throughput, coded ALOHA has a tendency to increase delay. (4) A throughput upper bound on coded ALOHA is obtained to judge the gain of network coding.
The remainder of the article is organized as follows: In Section 'System model' , we explain our system model. In Section 'Network throughput analysis' , the throughput of ALOHA and coded ALOHA is analyzed under the finite and infinite buffers in the center node. In Section 'Packet delay analysis' , we derive the packet delay. Our numerical results are described in Section 'Numerical results' . Finally in Section 'Conclusions' , we conclude the article.
System model

Network model
Consider the star topology wireless network of k +1 nodes in Figure 1 [18] . Nodes are divided into k outer nodes and one relay node in the center. This network constitutes a block in ad hoc or mesh networks, in which the multiple routes go through the center node. Let k be an even number. The k outer nodes are equally spaced on a circle (radius = r). Every outer node (n 1 , n 2 , . . . , n k ) establishes a bi-directional communication pair with the node in the opposite direction, and communicate with it through the center node. In Figure 1 , for example, node n 1 and n 5 are the pair. The role of the center node is to relay packets to the appropriate outer nodes using the decode-andforward mode. The center node does not generate its own packets. There is only two-hop communication through the center node.
We consider the capture effect so that, even if more than two nodes transmit at the same time, the data or information from source node can be decoded successfully Figure 1 The star topology of k bi-directional traffic streams. All traffic goes through the center node (R). http://jwcn.eurasipjournals.com/content/2012/1/277 at receiver when the signal-to-interference-plus-noise ratio (SINR) is greater than the target threshold . The source nodes can acknowledge success or failure of the transmitted packet (ACK). We assume that such ACK feedback is through the out-of-band transmission.
Medium access control and bi-directional network coding
The time is divided into equal-sized slots, each of which corresponds to one packet. Every node is synchronized with these time slots. At the beginning of each time slot, every outer node transmits a packet with transmission probability p, and the center node transmits with p c . Each outer node always has packets to transmit to its destination on the opposite side. The center node relays received packets from outer nodes with the transmission probability p c to appropriate destination nodes. The center node has the finite queue length, M in the real situation. The infinite queue length case is investigated for the asymptotic analysis. If transmission fails, the node retransmits the same packet with the same transmission probability until success is achieved.
We use bi-directional network coding at the center node, where network coding is applied for two bidirectional packets-a header packet in the queue of the center node and an opposite packet. The opposite packet is sent by the opposite node of the header packet's transmitter. For example, when node n 1 and n 5 are bidirectional pair, node n 1 sends packet X 1 to the center node in time slot 1, node n 5 sends packet X 5 to the center node in time slot 2, and the center node broadcasts coded packet (X 1 XOR X 5 ) in time slot 3. In this example, X 1 is the header packet, and X 5 is the opposite packet. The destination node performs the XOR operation on the coded packet with its own transmitted packet. The ACK packet from the destination node implicitly means that the coded packet is successfully delivered and decoded at the destination node.
However, when there is no opposite packet in the queue, the center node transmits the header packet as a native packet without network coding. This opportunistic scheduling is optimal in terms of the sum rate maximization for the bi-directional traffic [21] .
Transmission success probability
In Figure 1 , there are three types of transmissions. First, outer nodes inject packets to the center node. Second, the center node relays the received packets to one of the outer nodes without any network coding. Finally, the center node (network) codes two bi-directional packets and transmits the coded packet to the two outer nodes. Let us denote the probability that each transmission succeeds by P in , P out , and P nc , respectively.
In a previous study [22] , the transmission success probability of ALOHA was derived under the Rayleigh fading channel:
where n is the number of interfering nodes, d 0 is the distance between a source and its destination node, d i is the distance from the interfering node i to the destination node, p i is the transmission probability of the interfering node i, P 0 is the transmission power of all transmitting nodes, N 0 is the noise power, and is the target SINR threshold. In this article, we assume that every outer node has the same transmission probability p i = p and the center node has p c . This probability is conditioned that the source node transmits and the receiver node does not participate the transmission.
From (1), we can find the success probability of the outer node when the center node does not transmit and the source outer node transmits, P in , by replacing d i = d 0 = r and n = k − 1:
Similarly, we can derive the success probability of the center node without the network coding, P out , by replacing d 0 = r and the other distances d i = 2 r sin( πi k ), i = 1, . . . , k − 1, when the center node transmits and the destination outer node does not transmit:
The transmission success probability for the coded packet, P nc , consists of three probabilities {P (1) nc , P (2) nc , P (3) nc } with the condition that the center node transmits. One of three events occurs when the coded packet is successfully transmitted: (i) Two destination nodes successfully receive the coded packet with probability P (1) nc . (ii) One destination node receives the coded packet, while another destination node fails due to a collision with itself with probability P (2) nc (i.e., one of two destination nodes transmits). (iii) One destination receives and another destination fails due to channel errors with probability P (3) nc (i.e., both destination http://jwcn.eurasipjournals.com/content/2012/1/277 nodes does not transmit). These probabilities are derived in Appendix 1 as:
Network throughput analysis
In this article, the throughput is defined as the average amount of received data by the outer nodes in a unit time slot. It is the result of multiplying the average number of received packets at the outer nodes by the amount of information in a single packet. We can increase the amount of information in a single packet using a high target SINR. However, at the same time, the high target SINR reduces the transmission success probability and the average number of received packets at the destination nodes. In this section, we obtain the maximum throughput under the both of saturated and unsaturated traffic conditions. The saturated traffic condition means that the center node always has enough packets for the network coding. This condition makes the maximum coding opportunity in the infinite queue length of the center node (M = ∞). From this, we can obtain a throughput upper bound. On the other hand, the unsaturated traffic condition reflects the actual dynamics of the center node's queue, and gives us a precise throughput with the finite queue length and actual coding opportunity.
Unsaturated traffic
The center node may have a queue state such that it cannot operate the network coding process and transmits the header packet as a native packet. The state of the center node should be described as a sequence of packets in the queue. Unfortunately, because the state dimension increases with the number of flows, it is difficult to derive the steady state probability. Thus, we approximate the queue state by considering only the number of packets in the queue (the accuracy of our approximation is verified by the numerical evaluation in Section 'Numerical results'). Let us define X t as the number of packets in the queue at time t, where M is the maximum queue length (X t ≤ M). Let π m denotes the stationary probability π m = lim t→∞ Pr[ X t = m] of ALOHA and π nc m denotes that of coded ALOHA.
The state transition probability of X t can be derived from transmission success probabilities, P in and P out , in Section 'Transmission success probability' .
where m ≥ 1, can be modeled as follows:
where p i = p is the transmission probability of outer node i, and p c is that of the center node. For the ALOHA (non-network coding) case, the transition probability
, is represented as follows:
With these probabilities, λ 0 , λ and μ, the queue of the center node is modeled as a birth-death process in Figure 2 . By solving this Markov chain, we can obtain the steady state probability π m . In the steady state, the throughput of the center node is represented as
where L = log 2 (1 + ) denotes the amount of data successfully delivered through unit bandwidth. In coded ALOHA, the state diagram of the center node is complicated. With the successful transmission of a coded packet, the queue state moves to the state with two fewer packets. The number of packets in the queue does not provide sufficient information to determine whether network coding is possible. There may be no opposite packet, even if there are many packets in the queue. To quantify this, we introduce q(m), the network coding probability when there are m packets in the queue.
To derive q(m), let us define the injection rate, r i , which denotes the probability that a packet in the center node queue is from node i. When every outer node has the same condition, the injection rate of every outer node is same to 1/k. Assuming outer node i is the bi-directional pair with outer node j, to do network coding at a given time in the center node, the center node queue has to have the opposite packet for the header one, i.e., if header one is from node i, then packets from node j should exist in the queue. Therefore, the network coding probability can be obtained as follows:
With probability q(m), we can calculate the state transition probability. First, let us consider the transmission success probability P (1) nc . In Figure 3 , the state transition probability with the network coding
When network coding is not possible, with 1 − q(m), the center node transmits a header packet as a native packet. In this case, the state transition is similar to ALOHA. Additionally, the coded packet transmission can be partially successful, with a probability of P (2) 
is the sum of a successful header packet transmission and the partial success of the coded packet. Using P (2) 
When there is only one packet in the center node (m = 1), the transition probability simplifies to
In the steady state, the throughput of coded ALOHA is represented as
The detailed derivation of state probabilities π nc m and the throughput are included in Appendix 2.
Saturated traffic
In the case of the saturated traffic, the center node has the infinite queue length (M = ∞), and always make a coded packet due to sufficient packets in the queue. When the coding probability q(m) is equal to 1, we have an upper bound on the throughput. The condition is achieved when the queue length of the center node tends to infinity. To proceed further, we borrow results from our previous article [18] . There are three types of flows: an input flow to the center node, an output flow from the center node, with and without network coding, denoted as S 
Intuitively, (17) represents that the maximum coding gain is two because two packets are coded. However, the actual coding gain is lower than two due to the packet conservation law constraint. The packet conservation law at the center node (S f in = S f out ) is needed to maintain the saturated condition at the center node [23, 24] . Consequently, the transmission probability of the center node is given by:
By substituting (18) into (16), we can obtain the throughput of ALOHA as a function of the transmission probability of outer node p, which satisfies the packet conservation law at the center node:
In coded ALOHA, the packet conservation law is S f in = S f nc , from which we have
where (21) is obtained by substituting (20) 
,for ALOHA
,for coded ALOHA
Proof. See Appendix 3.
Once we have an approximate value for p * , we can derive the optimal value for p * c (18) or (20) . Our simulations in Section 'Numerical results' verify that the formula matches the numerical results, even in low target SINR cases.
Packet delay analysis
We define packet delay as the average time taken from the first transmission of a packet at a source node to the successful receipt of the packet at the destination node. The packet delay consists of the first transmission time, retransmission delay at the outer node, and the queuing delay at the center node [20] . We disregard the queueing delay in the outer source since our focus is on the delay portion incurred from the wireless access part and the effect of network coding. The number of packet retransmissions at the outer node N R follows the geometric random distribution, with success probability P R . The average number of retransmissions is
is the expected number of packets in the center node of coded ALOHA. In conclusion, the packet delay of coded ALOHA is derived as follows:
The packet delay of ALOHA, D, is identical to (22) , after replacing π nc m by π m . Both π nc m and π m are derived in Appendix 2.
In the previous section, we found the optimal parameters that maximize the throughput of ALOHA and coded ALOHA. As shown in the numerical example section that follows, the optimal p * of coded ALOHA is higher than that of ALOHA while the optimal p * c of coded ALOHA is lower than that of ALOHA. This can be also identified by Proposition 1 under the saturated traffic condition. With a higher p and lower p c , coded ALOHA has a higher packet injection rate from outer nodes to the center node than dose ALOHA. This rate results in more queued packets E nc [ m] at the center node, a higher network coding opportunity, and increases the throughput of coded ALOHA accordingly. However, the packet delay is dominated by the queueing delay, and becomes larger than that of ALOHA. This is the trade-off between throughput and delay in coded ALOHA for the optimal throughput point. In the following section, we show that this trade-off property is not valid for non-optimal solution cases. (10), we can define the service rate of ALOHA as μ (9) . Similarly, the service rate of coded ALOHA can be defined as μ nc = 2μ C (m) + μ N (m), from the throughput of coded ALOHA, S q nc (14) . When the coding opportunity q(m) = 0, the service rate of coded ALOHA is equal to that of ALOHA, μ nc = μ. However, when the coding opportunity q(m) = 1, the service rate of coded ALOHA is μ nc = 2μ. Because 0 ≤ q(m) ≤ 1, the service rate of coded ALOHA exists in the interval of μ ≤ μ nc ≤ 2μ. The higher service rate of coded ALOHA can result in fewer queued packets in the center node, E nc 
Proposition 2. Under the same parameters of transmission probabilities p, p c , and the target SINR
Numerical results
We plotted the analytical results to get insight into the gain of network coding and compared them with the results of the simulation. In the simulation, we generate a Bernoulli random variable and an exponential random variable, which represent the packet transmission event of each node and Rayleigh fading channel, respectively. Then we check the queue of the center node and measure the throughput. We set some of dimensionless parameters such that transmission power P 0 = 1, radius of the topology r = 1, and path loss attenuation factor α = 4. We obtain the maximum throughput by jointly optimizing the transmission probabilities (p and p c ) and the target SINR ( ). Figures 4, 5 and 6 depict the relationships between the throughput and the three parameters p, p c and , respectively, with the number of outer nodes (k = 4) and the maximum queue length (M = 100) in the unsaturated case.
As shown in Figure 4 , there is a unique optimal transmission probability, p * , which achieves the maximum throughput. With the optimal p * c , the throughput of coded ALOHA S q nc (14) is maximized at p * = 0.18 and that of ALOHA S q out (10) at p * = 0.15. Similarly, in Figure 5 , there is a unique optimal point in coded ALOHA (p * c = 0.30) while the throughput of ALOHA monotonically increases and converges to a certain value with the optimal p * . The maximum throughput of ALOHA is achieved in the interval of 0.43 ≤ p c ≤ 1. These optimal parameters p * and p * c are obtained from numerical enumeration. In both figures, the maximum throughput values of ALOHA and coded ALOHA are S q out = 1.3256 and S q nc = 1.6733, respectively. Using the network coding, a higher throughput is achieved with a smaller transmission probability of the center node. It allows outer nodes to transmit for more packets to the center node, and this makes more coding opportunity in the center node. Although increasing p might cause more collision events with other outer nodes or the center node, the network coding gain is much higher than the cost of higher collision. However, for high p, both throughput curves converge to zero due to overmany collisions. In Figure 5 , both throughput curves of ALOHA and coded ALOHA converge to 1.3, not to zero when p c goes to 1. It is because p c is a conditional transmission probability when the center node has packets in its queue. If there is no packet in the center node queue, the center node cannot participate the transmission even if p c = 1. Increasing p c makes higher service rate of the center node queue, which results in higher throughput. However, for high p c , throughput curve of ALOHA converges to 1.3 due to the limit of injection rate to the center node. For low p c , coded ALOHA can achieve higher throughput than ALOHA because coded ALOHA can send two packets at once using network coding. However, high p c reduces the number of packets in the center node and the coding opportunity. Thus, as p c increases, the coding gain converges to zero, and the throughput of coded ALOHA converges to that of ALOHA. The simulation results are averages of 100 independent samples over 10000 time slots. It can be seen that our analysis matches the simulation results well. We can increase the throughput by selecting an optimal target SINR of the PHY layer. The effect of selecting the target SINR is shown in Figure 6 . Throughput curves are concave and there is an optimal point in each curve. With a high target SINR, we can send the packet with high spectral efficiency, however, the transmission success probability of that packet is low. In contrast, with a low target SINR, we can send many packets that include little information. As a result of the numerical evaluation, the optimal target SINR that maximizes the throughput is 22.55 dB when transmit power to noise ratio P 0 /N 0 = 30 dB, and is 14.77 dB when transmit power to noise ratio P 0 /N 0 = 20 dB. When the noise level increases, the optimal target SINR should decrease to reduce the channel error.
The number of outer nodes, k, and the maximum queue length, M, affect the network performance. Figure 7 depicts the throughput as a function of k. Due to the interference and increase in collisions, the throughput of both ALOHA and coded ALOHA decrease as k increases. This is the cost of the random access scheme. (19) , regardless of the queue length (M). The reason is that the optimal solution of ALOHA makes the center node push out the packet received from the outer nodes immediately.
In addition, Figure 8 verifies the result of Proposition 1 which is based on the saturated traffic condition. We compare the throughput from the numerically obtained optimal parameters (solid line) and the throughput from Proposition 1 (dotted line). For the solid line, the optimal parameters are obtained by searching the entire p and domain. We see the approximation error is sufficiently small, even with a small transmit power to noise ratio P 0 /N 0 = 10 dB. Thus, we can easily use the closed-form solution of transmission probabilities, p * and p * c , instead of those from searching the entire p and domain. Figure 9 shows the delay of ALOHA and coded ALOHA, which use the optimal parameters that maximize the throughput. Both delay curves are obtained through the numerical evaluations of D nc and D are verified by simulations. The coded ALOHA has a unique throughputoptimal parameter set (p * , p * c , * ), while ALOHA has multiple optima due to multiple p * c . The packet delay of ALOHA is set to the minimum value that can be achieved in multiple optimal parameter sets. As a result, the optimal transmission probability of ALOHA, p * c converges to 1. While D is independent of the queue size, coded ALOHA stores packets to increase the coding opportunity, and it has a longer delay as the queue size M increases.
We can verify the throughput-delay trade-off in coded ALOHA in Figure 10 . As the queue size M increases, coded ALOHA achieves a higher throughput and a longer delay than those of ALOHA. To increase the throughput with network coding, the coded ALOHA needs some stored packets to generate network coded packets. Thus, the expected number of queued packets increases with the queue size of M, causing the queueing delay at the center node. With the large number of outer nodes, k, both throughput and delay performance of coded ALOHA degrade due to low coding opportunity. When delay constraints are critical, coded ALOHA should change the operation point. To find a proper operation point, we propose and compare four sub-optimal strategies. (a) Increase p c without changing the other parameters. With a higher service rate at the center node, the actual queue size is reduced and the coding opportunity is decreased. Because the delay is very sensitive to the value of p c , it can significantly reduce the delay with the least throughput loss, as shown in Figure 11 . Moreover it can be used simply at the center node. (b) Decrease p without changing the other parameters. With a lower injection rate of outer nodes, the center node has a small number of packets in its queue, and so the coding opportunity is decreased. It sustains a larger throughput loss than does the p c control case. However, it has a strong point in energy consumption because many outer nodes reduce the transmission trials and save that transmission energy. (c) Decrease M without changing the other parameters. This uses a small queue for a low coding opportunity. It can also be easily adopted at the center node, but it has a high blocking problem at the center node. transmission mode between ALOHA and coded ALOHA. For certain time duration, the center node performs the network coding with optimal parameters, and changes the operation to general ALOHA, afterwards. The performance of scheduling lies on a certain point on the dotted line in Figure 11 . From Figure 11 , we can notice that delay is much sensitive than throughput to small change of parameters that maximize the throughput. This can be utilized to effectively reduce the delay of coded ALOHA. As a result, increasing p c is the best in order to reduce the significant delay with the least throughput loss, and decreasing p may be suitable for sensor networks that need to save transmission energy. Figure 12 depicts the impact of asymmetric star topology, where the number of outer nodes k is 2 and the distance between the center node and node 2, d 2 , changes from 1 to 2. With the simulation, the maximum throughput and the optimal transmission probabilities of outer nodes, p 1 and p 2 , are obtained where the target SINR and the transmission probability of the center node p c are fixed to the optimal value for d 2 = 1 case. It is obvious that longer distance d 2 makes worse wireless channel condition and reduces the throughput of the network. As distance d 2 increases, the transmission probability of n 2 (p 2 ) increases and that of n 1 (p 1 ) decreases in order to balance the injection rates (r 1 and r 2 ) to the center node. The balanced injection rates are helpful to maintain the high coding opportunity at the center node. When d 2 = 2, eventually, the optimal transmission probabilities converse to one directional ALOHA. In the one directional ALOHA, the network can achieve the higher throughput by turning off the close node n 1 . It is because the wireless link from the center node to n 2 has the lowest capacity due to the long distance d 2 and the interference from n 1 .
Conclusions
In this article, we presented a coded ALOHA that performs the bi-directional network coding over ALOHA. We mathematically analyzed the performance of coded ALOHA in terms of throughput and delay. To maximize the throughput of coded ALOHA, the transmission probabilities (p and p c ) and the target SINR were jointly optimized. The throughput of coded ALOHA was derived under the both unsaturated and saturated traffic conditions at the center node. Under the saturated condition, we obtained a throughput upper bound with the perfect network coding opportunity, and presented a closed form formula for the optimal transmission probability. The result of the unsaturated condition showed that the throughput of coded ALOHA converges to that of the saturated condition with a sufficiently large queue size. Additionally, as the topology becomes asymmetric, the optimal transmission probabilities of outer nodes try to balance the injection rates for higher coding opportunity. In slotted ALOHA, it can bring higher throughput by turning off the close node's transmission.
With the same parameters, throughput of coded ALOHA is higher than that of ALOHA, and the delay of coded ALOHA is shorter than that of ALOHA. Moreover, with same throughput condition, coded ALOHA can have shorter delay than ALOHA. However, with their own optimal parameters, coded ALOHA has higher throughput and higher packet delay than those of ALOHA. For the optimal parameters, coded ALOHA has higher p and lower p c than those of ALOHA. This solution reflects the increased coding opportunity, since network coding has the benefit only when the system gets the opportunity to do it and this opportunity can be raised by stacking more candidate packets in the coding node repository. However, the packet delay is increasing by this solution since the average queueing delay of packets increases. The existence of significant queueing delay is the main reason of this throughput-delay tradeoff which looks weird at the first glance. In an engineering perspective, coded ALOHA is better to be used in the situation where the traffic is highly generated as of optimal p * and the time bound of application is relatively loose such as sensor network measuring a temperature or humidity of some region (delay tolerant network). Furthermore we compared four ways to consider the delay QoS, and found that increasing p c has the best performance in term of throughput loss and decreasing p can be a good solution in term of energy consumption.
Endnotes
a For convenience, we shall refer to slotted ALOHA as ALOHA. b We use the superscript "f" to denote the saturated case and "q" to denote the unsaturated case in (14) .
Appendix 1
Derivation of the transmission success probability P (1) nc is the conditional success probability given that the center node transmits and two destination nodes are idle. Thus, nodes other than the two destination nodes can interfere. The maximum number of interfering nodes is n = k−2 and the interfering distance is d i = 2 r sin( πi k ) for i = 1, . . . , k − 1, i = k/2. Then, the transmission success probability P (1) nc is given by:
where Q i = g ij P j is the received power as an exponential random variable with meanQ i = P j /d α ij , Aggregate interference is I = n i=1 C i Q i , and C i is a sequence of i.i.d. Bernoulli random variables with P(C i = 1) = p and P(C i = 0) = 1 − p. The coded packet is successfully delivered when both destinations have higher SINR than the target SINR . P (2) nc is the conditional success probability given that the center node transmits; one of two destination nodes, j, is busy; and the other, i, is idle. In this case, the node on the opposite side, j, interferes with probability 1. Therefore, it can be derived with n = k − 1 and interfering distance d l = 2 r sin( 
P (3) nc is the conditional success probability given that the center node transmits, and two destinations are idle. One of destination nodes, j, fails to receive the coded packet, while the other destination node, i, successfully receives the coded packet. This success probability can be derived as: 
Appendix 2
Queueing analysis of network coding
In Figure 3 , the local balance equations between the states are given as follows: 
